Using the first-principles plan-wave pseudo-potential method, a systematic investigation on structural property, magnetism, and pressure-induced phase transitions of cobalt is carried out. Cobalt with four hcp (α), fcc (β ), bcc (γ), and epsilon (ε) phases both in ferromagnetic (FM) and nonmagnetic (NM) states is considered. Issues of fitting equation of states in the energy volume data points containing magnetism are discussed. Our results reveal two stable phase transition points, namely, from FM β -phase to FM α-phase at − 28.2 GPa and from FM α-phase to NM β -phase at 123.7 GPa, which are consistent with previous experimental predictions. The meta-stable magnetic transformation points from FM to NM state for α, β , and ε structures are 135.7 GPa, 84.0 GPa, and 168.7 GPa, respectively. Furthermore, both FM γ-phase and FM ε-phase undergo a meta-stable transformation to NM β -phase at 25.0 GPa and 42.3 GPa, respectively.
Introduction
The 3d metals magnetic transition studies are beneficial to a better understanding of the magnetism and structural properties of the Earth's interior. Among these elements, great efforts have been devoted to iron under high pressures both in experiments and theory, as it is the major constituent of the Earth's core [1, 2] . However, cobalt as the center of the 3d transition metal series was less studied, although works about cobalt at mega-bar pressure is crucial to the systematic understanding of the magnetic 3d elements.
As well known, metallic cobalt had four different crystal structures, including body-centered-cubic phase (bcc or γ), face-centered-cubic phase (fcc or β ), hexagonal close-packed phase (hcp or α), and primitive cubic phase (epsilon or ε), which were refined by experimental studies [3 -6] . A sketch view of these four structures is shown in Figure 1 . The α-phase Co was most studied among these structures and often compared with bcc Fe. The reason is that the crystal structures of bcc Fe and α-phase Co are different from other nonmagnetic 3d transition metals. The difference originate in the spin polarized d band which can alter the d occupancy [7] . For the bcc Fe, its magnetism is rapidly suppressed and it will change into nonmagnetic (NM) hcp Fe at 10 GPa [8, 9] . By contrast, the magnetism of α-phase Co can hold in a wide range of abnormal pressures, and no phase transition is reported at room temperature up to 80 GPa [10 -12] . So, α-phase Co with good magnetic stability seem to be atypical compared with bcc Fe and other transition metals. And the highest isotropic magnetic coercivity of the α-phase Co made it apply magnetic records. Controversially, resent research showed that the α-phase Co in the pressure range of 105 -150 GPa will transform into a symmetrical low coercivity β -phase, the one which is useful for applications as a soft magnetic material [13] . The new discovery brings a stirring of interest in studying cobalt. Because it is only found that β -phase Co can exist above 420 • C and is quenched at room temperature as a meta-stable phase in the past. Moreover, Walmsley et al. [14] try to stabilize cobalt in a 'forced' bcc structure of polycrystalline modulated films of cobalt and chromium in view of iron stable bcc structure. Prinz also succeed in stabilizing bcc Co via epitaxial growth on GaAs [15] . A variety of experiments hereafter indicated that bcc Co is very similar to bcc Fe both electronically and magnetically. The ε-phase possess a more complex structure, which is reported by Dinega and Bawendi [16] . The synthesis of the ε-phase have been only possible by means of solution-phase chemistry processes. In the past few years, ε-phase Co has received great attentions because of the fact that it seems to be a good precursor to obtain ε-phase nanoparticles for magnetic storage uses. As a soft magnetic material, its magnetic properties favor the formation of ordered films with applications in magnetic recording.
The physical characteristics of cobalt under high pressures have been great concern both in experiments and theory. Using a diamond-anvil cell and an imaging plate, Fujihisa and Takemura reported the bulk modulus and its pressure derivative as well as the axial ratio of α structure Co up to 79 GPa [17] . It was found that α-phase Co remained stable up to 79 GPa and the axial c/a ratio continuously decreased under pressure. With regard to stability of cobalt, Yoo et al. first discovered that there was a martensitic structural transition from α-Co to β -Co at ∼ 100 GPa by means of X-ray powder diffraction (XRPD) [13] . Since then, magnetism in β -phase Co has attracted great interest. Followed, large studies on cobalt under high pressures such as elasticity and vibrational properties were reported [18, 19] . However, to our knowledge, the systematic investigation on magnetism and phase stability of cobalt were few attentions by theoretical calculations. Yamamoto estimated that the transition pressure from α-phase to β -phase was 128.3 GPa by full-potential linearized augmented plane wave (FP-LAPW) method [20] . He obtained the same conclusion with Yoo et al. that the transformed β -Co is NM. Recently, based on density functional theory (DFT), a detailed study on the magnetic phase transformations of α-phase and β -phase of a cobalt crystal was derived [21] . However, only two structures were considered. There was no systematic work to investigate these four structures of the cobalt crystal.
In this paper, these four structures of single cobalt crystal in NM and FM states are investigated with different exchange correlation functionals based on first principles. This paper is organized as follows: after presenting the detail of calculations, we discuss the results of the equations of state, magnetic stability, and pressure-induced structural phase transitions. Conclusions are given in the final section.
Details of Calculations
Our first-principles calculations were carried out using the standard frozen-core projector augmentedwave [22] (PAW) method based on DFT as implemented in the Vienna ab initio simulation package [23] (VASP) code. The electronic exchange-correlation interactions were treated by the local density approximation (LDA) in the scheme of Ceperley and Alder [24] as parameterized by Perdew and Zunger [25] , generalized gradient approximation (GGA) of PerdewWang (PW91) [26] and Perdew-Burke-Ernzerhof (PBE) [27] . Considered the rigor of calculations, we performed computations for both FM and NM states, allowing for a precise assessment of the influence of spin on physical properties. On the other hand, the Hubbard U correction was also taken into consideration. The Dudarev implementation with on-site Coulomb interaction U = 2.8 eV and on-site exchange interaction J = 1.0 eV to treat the localized 3d electronic states were chosen. The electronic wave functions were expanded in a plane-wave basis set with an energy cutoff of 500 eV. The k-space integrations were performed using 11×11×11 Monkhorst-Pack meshes in the first Brillouin zone for β , γ, and ε structures, and the gamma-centered k-point mesh of 13 × 13 × 9 for α structure. The tolerances self-consistent convergence of the total energy were tested within 10 −5 eV/atom.
Considering the effect of pressure on the system, the geometrical parameters and the international positions of all phases at a number of fixed volumes were optimized. The total-energy versus volume data of all phases were obtained after carrying out the optimizations. A common practice was to fit the calculated total-energy versus volume (E −V ) data to an appropriate equation of state (EOS), and then obtain pressure by p = −∂ E/∂V . In general, the widely utilized EOSs were the third-order Brich-Murnaghan (BM3) EOS [28] and the Vinet EOS [29] . In this work, two of these EOSs were used to fit the E −V data. The BM3 EOS can be expressed as [30] 
where V is the volume of the unit cell. The equilibrium volume (V 0 ) is found by minimizing the energy with respect to volume. The bulk modulus 
E 0 , V 0 is the zero pressure equilibrium energy and volume, respectively. And x = (V /V 0 ) 1/3 and ξ = 3/2(B 0 − 1), B 0 is the bulk modulus and B 0 = (∂ B/∂ p) p=0 . 
Results and Discussions

Equations of State
In order to validate the parameters for further investigation, the exchange correlation functionals including LDA, PW91, and PBE are employed to optimize the four structures of cobalt within FM and NM states. The considered phases of cobalt as a function of volume are examined by calculating the energy versus volume (E −V ) curves. Then, both the universality of Vinet EOS and the accuracy of BM3 EOS are used to fit the E −V data.
The results of γ, β , α, and ε structures are listed in Tables 1, 2 , 3, and 4, respectively. The contents of tables are the type of the magnetic states, the calculated method, and the type of EOSs. In detail, our results include the equilibrium volume V 0 (Å 3 ), the bulk modulus B 0 (in GPa), the bulk modulus' first pressure derivative B 0 , the magnetic moment M (in µ B ), and the cohesive energy E coh (in eV) are summarized in tables. The cohesive energy is defined as the difference between the energy of an isolated atom and the energy of the same atom in the solid. Additionally, previous calculations [18, 19, 21, 31 -33] and experimental data [6, 13, 15, 34] at room temperature in the literature are provided for comparison. Next, let us take our focus on Tables 1, 2 , and 3 can also give similar conclusions, so there is no need to present a detailed discussion. In summary, the PBE method with BM3 EOS fitting is most suitable for investigating structural properties of our system. Moreover, the stronger correlation effects of cobalt must be considered if the studies refer to the magnetic and electronic properties. Shown in Tables 1 -4 , the cohesive energy in the FM state shows an interesting relationship. Namely, at the considered phases appear a relationship which is E γ−coh < E ε−coh < E β −coh < E α−coh . It is suggested that the most stable structure at zero pressure is the FM α-phase, and then follows the FM β -phase. But for the NM state, the relationship of cohesive energy becomes E γ−coh < E ε−coh < E α−coh < E β −coh . It is obviously that the β -phase turns into the most stable structure in the NM state. It should be point out that the relationships of cohesive energy can also be obtained by LDA and PW91 method. When the Hubbard U correction (PBE+U) is considered, the relationship of cohesive energy changes significantly. Compared with above conclusion of cohesive energy in FM state by PBE method, it is maybe the electronic correlation effects of the γ-phase that are stronger than other phases. So there is need to analyze the difference in magnetic moments between PBE method and PBE+U method.
Magnetic Stability
The magnetic moments of the ferromagnetic ground state of our studies are 1.70µ B , 1.62µ B , and 1.59µ B for bulk γ, β , and α-phase, respectively. The results of β and α-phase are in reasonable agreement with experimental values, i. e. 1.60µ B and 1.58µ B [34] . The calculated magnetic moments for the γ-phase (1.70µ B ) agrees with other calculations [31] but it seems much larger than the measured value (1.41µ B ) [15] . This disagreement may originate from defects in the sample, which is meta-stable and do not appear in the bulk phase diagram. It exists still no experiment on ε-phase, but our result does not appear exceptionally. All of these demonstrate that our calculations are credible. Additionally, as the Hubbard U correction is considered, the magnetic moment increases while the equilibrium volume almost not changes.
More in depth, the volume dependence of magnetic moments and the total energy of a unit cell are necessary to study. To elaborate on this problem, the magnetic moments and the energy difference between the FM and NM states as a function of volume of γ, β , and α structure are shown in Figures 2 and 3 . It is noted that experimental and theoretical results are also displayed in these figures. Figure 1a difference between the FM and NM states of γ-phase. It is observed that the energy difference goes to zero when the volume is less than 6 Å 3 . So the magnetic moments do not contribute on the total energy in this case. It is a contradiction to the correlation theory, and it maybe because the pure γ structure of cobalt is unstable. Shown in Figure 1b , the FM β -phase still has magnetic moments even if the energy difference is zero. It is reflected that the FM β structure of cobalt maybe no longer presents the ferromagnetic state under high pressures. It also reveals that only from the energy difference it is difficult to determine the phase of β structure in FM state or NM state under high pressures. Shown in Figure 3 , the energy difference between FM and NM states for alpha structure cobalt exists in all of the volumes. It means that the FM state of α structure is always more stable than the NM state. But the energy difference will be not obvious as the volume of the unit cell is less than 7 Å 3 , which suggests there will be a meta-stable phase transformation. Moreover, the magnetic moments of the FM α-phase more slowly vanishes, reaching zero at about 7.3 Å 3 . The magnetic moments of α-phase cobalt would completely vanish at a compression of ∼ 0.7V 0 , analogous to a pressure of ∼ 150 GPa. And it is consistent with previous X-ray magnetic circular dichroism (XMCD) results [35] . It is also observed that the magnetic moments of the FM α-phase is sustained at smaller volumes and goes to zero more gradually than the FM β -phase. In addition, compared with γ and β structures, the magnetic moments of the FM α structure have greater impact on the total energy. When the volume serious deviates from the equilibrium volume, the energy difference will approach a constant value. Further, the volume depen- Fig. 3 (colour online). Magnetic moment of hcp or α-phase cobalt and energy difference between FM and NM states as a function of volume. Closed circles refer to experimental measurements of the magnetic moment of the α-phase at 298 K [35] . Filled triangles are the ferromagnetic moment for cobalt from [19] by LAPW calculations. −31 Exp of [13] ∼ −25 FM α to NM β Current work 123.7 [20] 128.3 [21] 99 Exp of [13] ∼ 3 dence of magnetic moments for the ε structure displays complex changes.
Structural Phase Transitions
The calculated total energy as functions versus volume (E −V ) curves for separate cobalt phases by PBE method are shown in Figure 4 . In agreement with experiments and previous computations, the E−V curves show that the FM α-phase is stable for a large volume range. It also shows that the FM α-phase has the lowest total energy of all phases while the NM γ-phase has the highest total energy of all the structures. In this case, it is unambiguously determined that the NM γ-phase is the most unstable. In order to more clearly observe the total energy difference of additional phases and compared them with the FM α-phase, the total energy versus volume for different cobalt phases with FM α-phase as the reference state is shown in Figure 5 . It can also be predicted the possibility of a phase transformation from the figure. In detail, there will be some phase transformations appearing in FM β -phase, FM α-phase, and FM γ-phase under negative pressure. Taking note on high pressures, FM α-phase, FM β -phase, FM ε-phase, and NM β -phase may be also phase transformations.
Generally speaking, the Gibbs energy is the standard of determining the phase stability. The Gibbs energy of a unit cell expresses as G = E + pV − T S, where E is the total energy of the unit cell. It can be obtained directly from the first-principles quantum-mechanical calculations. p is the external pressure and V is the volume of the unit cell under the pressure. T and S are given in the temperature and the entropy. Consider the temperature is equal to 0 K in the first-principles calculations. The Gibbs energy at 0 K is equivalent to the enthalpy: H = E + pV , where p = − dE/ dV . So a stable structure at a given pressure is one for which enthalpy has its lowest value, and thus the transition from one phase to another is given by a pressure at which the enthalpies for the two phases are equal in first-principle calculations. In detail, the function between the pressure and the enthalpy can be obtained by fitting the E−V data within BM3 EOS. Specifically, the enthalpy as a function of pressure, H(p), is expressed by [30] 
In the equation, V 0 , B, and B are the equilibrium volume at zero-pressure, bulk modulus, and its first-order pressure derivative, respectively. On account of the four structures possess similar energetic stabilities and, hence, small temperatures or pressure variations give rise to changes in the crystal phase. Five phase transformations are predicted and summarized in Table 5 . It should be point out that there is no phase transition between FM ε-phase and other phases, as same as the FM γ-phase.
As shown in Table 5 , there are two stable structural transformations in these five phases at 0 K because they have the lowest Gibbs energies at the given pressure. Specifically, FM β -phase transforms into FM α-phase at − 28.2 GPa and FM α-phase undergoes transition to NM β -phase at 123.7 GPa. These two phase transformations are in qualitative sensible agreement with the experimental cobalt p−T phase diagram, which suggests both a high pressure transformation and a negative pressure transformation. The predicted 0 K high pressure transformation is in line with previous studies and the high pressure phase of β structure is the NM β -phase. The calculated phase transition point is also close to the extrapolation result of experiment at 0 K, i. e. ∼ 109 GPa [13] . Our result is also consistent with the earlier supposition of structural and theoretical considerations [13, 20, 35] . Concerning the prediction of a negative pressure transformation, due to most materials may no longer be corporeal in large values of negative pressure. The negative pressure can be understood as environment of high temperatures. In this way, we can obtain the extrapolation of the experimental β Curie transformation data to ∼ −150 GPa, which is much less than the transformational pressure of − 28.2 GPa.
The meta-stable magnetic transformations from FM to NM of α, β , and ε structures are 135.7, 84.0 GPa, and 168.7 GPa shown in Table 5 , respectively. Above two predictions are consistent with experiments. It is observed that the α-phase retains a magnetic moment up to the structural transformation of 105 GPa at room temperature [13] . And the transformation from FM to NM for α structure cobalt is estimated to be around 150 GPa from the experimental slope of magnetic moment at room temperature [36] . Furthermore, measurements [13] indicate the high pressure β phase is the NM state, which is consistent with the current prediction that the magnetic moment goes to zero at a pressure lower than the transformation pressure from FM α-phase to NM β -phase. The magnetic transformation on ε-phase is reported for the first time, we hope the theoretical results will be confirmed by experiments. The meta-stable phase transformation at 25.0 GPa from FM γ to NM β is also predicated. Owing to γ-phase cobalt can only be a single-crystal film but not appear in the bulk phase, we cannot confirm the possibility of this phase transformation in the actual environment. Nevertheless, that the γ-phase cobalt can be stabilized under the condition of negative pressure is consistent with other theoretical predictions. Furthermore, the FM ε-phase also undergoes a meta-stable transformation to the NM β -phase at 42.3 GPa. All of above meta-stable transformations reveal that the NM β -phase will turn into a most stable structure at high pressures.
Conclusions
To study the equations of state, magnetic properties, and structural phase transformations of α, β , γ, and ε structures with ferromagnetic and nonmagnetic states of cobalt crystal, first-principles plane-wave calculations are performed within the density functional theory. Summary, combined with discussions of magnetic stability and results of enthalpy, we obtain several phase transitions as follows:
(i) There are two stable phase transitions, namely, the FM β -phase transforms into the FM α-phase at − 28.2 GPa and the FM α-phase undergoes transformation to the NM β -phase at 123.7 GPa. (ii) The meta-stable magnetic transformation from ferromagnetic to nonmagnetic for α, β , and γ structure is 135.7 GPa, 84.0 GPa, and 168.7 GPa, respectively. (iii) The meta-stable transformation between the FM γ-phase and the NM β -phase occurs at 25.0 GPa, and the transformation from the FM ε-phase to the NM β -phase is at 42.3 GPa.
